Songbirds learn a new song by matching the sound they produce to a memorized model. A distributed central pattern-generating circuit has now been identified that governs song production; the new results have important implications for the way songs are learned.
Songbirds are feathered vocalists which, like their human counterparts, learn to pattern their respiration to produce distinct sequences of notes. Songbirds first memorize the song of another bird, then conduct solo rehearsals of their own song, using auditory feedback to match it to the memorized model. During this rehearsal process, the songbird learns to reproduce the spectral and temporal features of individual notes, as well as the correct sequence of notes, that characterize the model song. Birdsong thus provides a powerful system in which to address issues of complex vocal motor control, as well as the means by which sensory experience and memory can guide motor learning. Recent electrophysiological experiments by Yu and Margoliash [1] have taken the analysis of the neural control of song to a new level, with implications for the manner in which central circuits function to control complex movements, while adding insight as to where within the central nervous system (CNS) neural changes occur during song learning.
Birdsong is under the control of a constellation of forebrain nuclei that are referred to as the song system (Fig. 1a) . Two of these nuclei, the HVc and the RA, form a descending vocal motor control pathway that appears to function as a hierarchical pattern-generating circuit [2] . This role is suggested by the results of microstimulation experiments in singing birds. Stimulation in the HVc arrests the bird's song and, when the song resumes, it is reset to the beginning of the previous phrase (a phrase is a repeated series of syllables; syllables are composed of one or more notes, the unitary elements of song). In contrast, similar stimulation in RA merely interrupts the ongoing note, but leaves the overall temporal structure of the song intact. These results suggest that song is controlled by a distributed central pattern generator, with the HVc coding for features such as note order, and the RA controlling individual note structure.
This picture of hierarchical control of song has now been confirmed and extended by direct electrophysiological recordings of neural activity within the HVc and RA of awake songbirds. Although songbirds can weigh less than half an ounce, Yu and Margoliash [1] succeeded in recording song-related neural activity by implanting male zebra finches (Taeniopygia guttata; Fig. 1b ) with extracellular electrodes in the HVc and RA, then coaxing them to sing. These recordings have provided remarkable insights into how neuronal activity in the HVc and RA varies during singing, and suggest how these two areas are specialized to control different features of the song.
The results obtained by Yu and Margoliash [1] show that HVc units display a sustained pattern of activity just Figure 1 (a) A sagittal view of the brain of a songbird, showing the forebrain song nuclei involved in vocal motor control (red). The song system includes the pathway from HVc to RA, which in turn projects to vocal and respiratory motorneurons in the brainstem. HVc and RA are also connected indirectly by the anterior forebrain pathway (blue), which includes area X, the thalamic nucleus DLM and nucleus LMAN. HVc receives afferent input from Nif, as well as the thalamic nucleus Uva and the forebrain nucleus mMAN (not shown). RA, robust nucleus of the archistriatum; LMAN, lateral magnocellular nucleus of the anterior neostriatum; mMAN, medial magnocellular nucleus of the anterior neostriatum; DLM, medial nucleus of the dorsolateral thalamus; Nif, nucleus interfacialis; HVc, by convention, is used as a full name, rather than an acronym. before and throughout the song, during which period any single HVc unit fires in a stereotyped pattern for a given syllable, such that the syllable can be inferred from a histogram of the cell's firing. This stereotyped pattern will be produced for a given syllable, regardless of which syllable immediately precedes it. Single HVc neurons do not fire so predictably for single notes, however. Instead, HVc activity differs when the same note is reproduced within the context of different notes, as occurs when the same note is used in two different syllables. This suggests that HVc activity encodes the large-scale structure of the bird's song, such as note order, but leaves details such as note structure to downstream brain regions.
Where within the song system, then, are the details of note structure determined? This task appears to fall to the RA, as the activity of a given neuron in this nucleus, unlike that of a neuron in the HVc, is the same for a given note regardless of its syllabic context. In contrast to the more tonic discharges characteristic of HVc neurons, the firing patterns of single RA neurons during singing are highly phasic and operate over a much larger dynamic range, from total inhibition to almost 1 kHz. An interesting aspect of this hierarchical control system is that HVc activity is relatively imprecise relative to syllable and note onset, such that predicting syllable type from HVc firing patterns can only be accomplished after constructing histograms generated over several song bouts. The timing of RA discharge, however, is so precise that Yu and Margoliash [1] could predict note type on the basis of individual bursts of action potentials. Song is thus under the control of a hierarchically-arranged pattern-generating circuit, where the temporally less precise activity of single HVc neurons, which codes for syllables, is transformed within the RA to a temporally more precise activity pattern that codes for individual notes.
How and where does this transformation take place? Assuming that Yu and Margoliash [1] did indeed record from the RA-projecting HVc neurons, as opposed to interneurons or X-projecting neurons, this transformation must occur within the RA. Furthermore, given that the HVc axons directly innervate RA projection neurons, and that this projection is excitatory [3] , local inhibitory circuits within the RA might participate in the generation of the precise temporal firing necessary for encoding notes. Activation of this inhibition could also cause the phasic firing pattern seen during singing, in contrast to the tonic, pacemaker-like activity that RA neurons produce at rest.
What is the nature of local circuitry within the RA that effects this transformation? Unraveling the local circuitry within forebrain song nuclei is difficult using electrical stimulation, because song nuclei consist of neuronal clusters, not layers, so that axons of local neurons and those of extrinsic origin are densely intermingled.
Instead, a relatively new approach that uses a scanning laser to focally release chemically 'caged' glutamate in brain slices, and thus excite only local neurons, has revealed that neurons that release the inhibitory transmitter ␥-amino-butyric acid (GABA) encircle single RA projection neurons [4] . Both HVc axons and the collaterals of RA projection neurons can activate these inhibitory interneurons, thus providing feedforward and recurrent inhibition to shape the firing patterns of RA projection neurons [5, 6] . A major question is whether such inhibition can achieve the temporal transformation of neuronal activity observed to occur between the HVc and the RA, and perhaps also coordinate the firing of subsets of RA neurons.
Individual notes could also be encoded in the HVc, but distributed across several or more neurons. In this model, the cumulative output of the neurons would be the same for a given note, regardless of which syllable it is embedded in, even though a single HVc neuron might fire differently when that note occurs in different contexts. The convergence of multiple HVc axons onto a single RA neuron might then enable the RA neuron to 'extract' the note. The requisite convergence appears to exist, as graded synaptic potentials are elicited in RA in response to increasingly more intense HVc fiber stimulation (R.M., unpublished observations). It is likely that specifying the exact pattern of connections between HVc axons and RA neurons is an important cellular aspect of vocal motor learning in songbirds.
Differences between how song-related activity is encoded in the HVc and the RA might also be due to additional features of the anatomical organization of the vocal control circuit. Anatomical evidence suggests that the RA contains a topographic representation of the vocal musculature, but this topography is not preserved at the level of the HVc [7] . Perhaps the topographic representation within RA constrains it to encode elementary movements, such as those that produce notes.
Both note structure and note order are learned, and the discovery that birdsong is controlled by a distributed pattern-generating circuit has important implications for song learning. The distributed control of these song characteristics suggests that auditory feedback acts at the levels of both the RA and HVc during vocal motor learning. An interesting feature of the song system is that the HVc and RA are indirectly connected by an anterior forebrain pathway that includes the area X and nuclei DLM and LMAN (Fig. 1a) . Because LMAN lesions disrupt song development but not adult song production [8] , and because LMAN neurons have song-selective auditory responses [9] , the anterior forebrain pathway could provide auditory feedback to the RA that is essential to vocal motor learning.
In light of the results of Yu and Margoliash [1] , the error correction that LMAN provides to the RA could specifically relate to note structure. RA innervates several brainstem areas that also participate in the production of unlearned vocalizations [10] . The participation of these brainstem areas in both learned and unlearned vocalizations might render them less suitable to modification by experience, and thus anatomically constrain the error correction process for note-structure learning to the RA. In contrast, error correction for note order most likely occurs at or above the level of the HVc, and although several different areas provide afferent input to the HVc, much work remains to be done in order to determine their role in normal song development.
The recent description of the activity of song-system neurons during singing [1] provides useful insights into how complex movements are controlled by central circuits, and also points to sites within the song system at which the neural modification that underlies song learning could take place. Ultimately, with a better understanding of how activity in the RA relates to the acoustical structure of individual notes, it should be possible to monitor how the neural code for song is changed by auditory experience, providing us with fundamental insights into the cellular basis of learning.
